Abstract: Mach-Zehnder interferometer (MZI) structures are widely used as optical switches in photonic integrated circuits. However, power consumption is still the key parameter to make such devices practical in the silicon platform, particularly for those based on the thermo-optic effect. A new approach to significantly decrease the power consumption of a silicon switch based on an asymmetric MZI, together with an optimum selection of the operation wavelengths, is proposed. A power consumption reduction up to 50% is experimentally demonstrated in agreement with simulation results.
Introduction
Silicon technology based on the silicon on insulator platform (SOI) have experienced an enormous development during the last decades, and silicon photonic building blocks like modulators, filters, detectors, or switches have been improved in terms of speed, sensitivity, power consumption and losses [1] . Ring resonators and Mach-Zehnder interferometric structures (MZIs) are the most common structures for optical switches in photonic integrated circuits. MZI-based switches exhibit broadband spectral operation and their electro-optic switching performance may be achieved using the thermo-optic (TO) or the plasma dispersion effects. The TO effect suffers from higher power consumption and is slower than the plasma dispersion effect, but it enables larger phase shifts per unit length due to silicon's high thermo-optic coefficient, and it is also fast enough for switching applications.
In order to achieve a better performance than current electrical networks, optical networks will require low power consumption, low latency and high bandwidth [2] - [4] . To achieve this, it is necessary to improve optical switching matrices which overall performance is directly related to the characteristics of their optical switches. Therefore, a key point to improve is the efficiency and power consumption of optical switches (based on ring resonators [5] - [7] or MZI structures [9] - [17] ) in order to obtain high performance optical networks. MZI-based optical switches using the TO effect feature high efficiency but usually require their power consumption to be reduced in order to ensure low power operation. Recent works showing a 4 Â 4 switch with a power consumption below 20.4 mW for a bandwidth per port of 40 Gbps [9] , a 2 Â 2 non-blocking switch matrix based on MZI with a total power consumption which varies from 4.55 mW to 22.4 mW, depending on the switching state and physical path [11] , a MachZehnder-based five-port silicon router with a consumed power of 25 mW [13] , or a MachZehnder-based four port switching module with a power consumption from 9 mW to 42.6 mW [10] have been demonstrated.
In this paper, we propose a novel approach to minimize the power consumption required for switching between two states. The approach is based on taking advantage of the periodic response of the transmission spectrum in an asymmetric MZI (a-MZI) structure. Switching power consumption reduction from 32% to 50% is experimentally demonstrated for bit rates ranging from 10 to 30 Gbps introducing only an extra level of insertion losses below 0.5 dB. Fig. 1(a)-(d) show respectively the 3-D schematic of the a-MZI switching structure, a scanning electron microscope (SEM) image of the fabricated device, the cross section of the considered waveguide and the fundamental transverse electric mode. The a-MZI is based on a shallowetched rib waveguide with 70 nm-deep sidewalls. Multimode interferometers have been used at the input and the output of the MZI to split and recombine the signals. The electrodes have a configuration with central fed to achieve a better distribution of the heat from the center to the sides, thus obtaining a more gradual change in the refractive index. Fig. 2 shows the simulated optical power at both output ports as a function of the wavelength for (a) the symmetric MZI (s-MZI) structure and (b) the a-MZI structure without applying any electrical power. The switching performance in the a-MZI can be understood by looking at the evolution of the transmission spectrum as a function of the applied electrical power. Therefore, Fig. 2 shows also the output optical power as a function of the wavelength for (d) the s-MZI and (e) the a-MZI structures when a normalized electrical power P=P of 0.6 is applied. P is the power required for achieving a phase shift of radians.
Device Design
It can be seen that the periodic response in the a-MZI structure maintains the same shape but is wavelength shifted. Therefore, by choosing an operation wavelength shifted with respect to the central wavelength, two identical switching states can be achieved with much less electrical power than in the s-MZI, as it is shown in Fig. 2 (c) and (f). The operation wavelength, o , can be defined as
where max is the wavelength at which the maximum output power is achieved in one of ports without applying any electrical power, FSR is the free spectral range of the a-MZI, and is a design parameter directly related with the reduction in power consumption. The output optical power as a function of the wavelength for the a-MZI structure with ¼ 0:2 is shown in Fig On the other hand, P is always required in the s-MZI, as well in the a-MZI with ¼ 0, to complete the switching because otherwise high insertion losses and unacceptable crosstalk would be given in the bar state, as it can be seen in Fig. 2(d) and (e), respectively. The percentage of power consumption reduction in the a-MZI is around two times the -parameter (for example the required electrical power has been reduced in a 40% when the -parameter is 0.2). However, it can also be seen in both Fig. 2(c) and (e) that there is a penalty on insertion losses and crosstalk. Such penalty as a function of the -parameter is depicted in Fig. 3 . It can be seen that the influence on the insertion losses is almost negligible while a low crosstalk can also be achieved. Using a -parameter below 0.25, insertion losses below 1 dB and crosstalk values above 10 dB will be achieved.
It is important to notice that the change in the operation wavelength only implies that the optical response of the a-MZI switch would be designed to fit with the wavelengths used in the system. Therefore, once o is defined, max would be obtained from (1) and used to calculate where n eff and n g is the effective and group indices of the optical waveguide. In such a way, the required length difference, shown in Fig. 1(a) , will be obtained as
where N even is the closest even integer to N. In our case, the group index is 3.619 and max and the free spectral range have been set to 1550 nm and 100 GHz, respectively. Hence, the required length difference between the arms of the a-MZI is 830 m.
System simulations have also been carried out to analyze the influence of the a-MZI spectral response on the switching performance. Simulations have been done in Matlab and considering white Gaussian noise and a non-return-to-zero (NRZ) digital signal. The bit error rate (BER) in the s-MZI as a function of the applied electrical power (normalized by P ) is shown at both output ports in Fig. 4(a) . The FSR is 100 GHz, the bit rate of the digital signal is 10 Gbps, and the signalto-noise ratio (SNR) is 13 dB. The response of the outputs is complementary and there are two different states. Without applying any power, the cross state, output one ðOUT 1 Þ is in error free level (lower than 10 À9 ), while output two ðOUT 2 Þ has a very high BER level. It means that almost all the input signal is switched to OUT 1 port and only a negligible portion is undesirably switched to OUT 2 port due to the crosstalk. By applying P , the bar state, the switching is reversed and the input signal is now switched to OUT 2 port so that the output signal is in error free. Fig. 4(b) shows the BER as a function of the normalized applied electrical power in the a-MZI switch at both output ports and for different values of the -parameter. The red dotted line is for ¼ 0. Therefore, the a-MZI is working at the central wavelength and the switching response is almost identical to that of the s-MZI depicted in Fig. 4(a) . Therefore, the required power to complete the switching in the a-MZI is also P . However, when the -parameter is increased to 0.1 (green dotted line), the switching from the error free level to a high error level is accomplished with around a 20 percent less power consumption. It is important to notice that the same error levels at both output ports are required at the two switching states, i.e., P=P ¼ 0 and P=P ¼ 0:8 for ¼ 0:1, to have the same conditions of insertion losses and crosstalk. On the other hand, for an applied electrical power equal to zero, the BER is a bit higher than for ¼ 0 but it is still in error free confirming that the impact on insertion losses is almost negligible. For ¼ 0:2 (blue line), a significant power reduction of around 40% is achieved as only P=P ¼ 0:6 is required for switching between the two states.
The influence of other parameters like the SNR or the bit rate has also been also analyzed. Fig. 5(a) shows that, for a fixed value of ¼ 0:2 and a bit rate of 10 Gbps, increasing the SNR from 13 to 15 improves the BER level at the cross state, i.e., P=P ¼ 0, but it is important to notice that this does not mean a reduction in power consumption because a high error level must be achieved for complete switching to the bar state. Therefore, 0:6P is always required for ¼ 0:2 to switch between the bar and cross states independently of the SNR value. On the other hand, Fig. 5(b) shows the influence of the bandwidth of the signal for a fixed FSR of 100 GHz, a SNR of 15 and ¼ 0:2. When the bit rate is increased, higher values of BER may be achieved with a lower applied electrical power due to the filtering effect of the spectral response of the a-MZI structure, but in the end, the amount of power to complete the switching is again the same independently of the bit rate. Therefore, adjusting the FSR as a function of the bit rate does not provide a reduction in power consumption but it is interesting for introducing several channels simultaneously. It should be noticed that by inserting several channels in the pass bands of the a-MZI a wide optical bandwidth can be achieved as it has also been proposed for ring based switches [19] .
Experimental Results
The a-MZI switch has been fabricated to experimentally demonstrate the proposed approach to reduce the power consumption. In order to avoid any influence of the electrodes, the same structure has been measured and compared at the central wavelength, in which the performance is like in a s-MZI, and working with different operation wavelengths. The device was fabricated on standard SOI samples of SOITEC wafers with a top silicon layer thickness of 220 nm and a buried oxide layer thickness of 2 m. The structure fabrication is based on an electron beam direct writing process performed on a coated 100 nm hydrogen silsesquioxane (HSQ) resist film. After developing the HSQ resist using TMAH as developer, the resist patterns were transferred into the SOI samples employing an also optimized Inductively Coupled Plasma-Reactive Ion Etching process with fluoride gases (SF6/C4F8). The etching process was optimized to reach 70 nm deep structures (rib waveguides). Once the silicon is etched, the samples were covered with 0.7 microns of silicon dioxide deposited by means of PECVD tool. Finally, Titanium microheaters were placed on the tuning structures by evaporation and a lift-off process. Fig. 6 illustrates the experimental set-up. A commercial LiNbO 3 modulator fed with a 10-30 Gbps NRZ pseudo-random bit sequence (PRBS 2 31 À 1) delivered by a bit pattern generator is used. The electrical signal was amplified through a broad bandwidth driver amplifier (DC to 40 GHz) to achieve a voltage swing of $5 Vpp and combined to a 1.7 V DC offset to ensure the modulator is biased at quadrature. The input modulated signal was amplified and filtered with an optical filter of 3 nm to decrease the noise introduced by the EDFA. Then, the signal was coupled in and out the silicon chip via grating couplers. An EDFA after the device amplifies its output signal and a 3 dB splitter divides the power for simultaneously measuring the eye diagram and the BER. The signal was then photodetected by a 40 GHz Digital Communication Analyzer to see the eye diagram and the BER was measured by means of a 75 GHz photodiode connected to the Error Analyzer and evaluated as a function of the electrical power applied to the device under test (DUT).
Several measurements of the BER value as function of the applied electrical power to the electrodes have been carried out. First, the a-MZI switch has been characterized at the central wavelength of the spectral response, as it was depicted in Fig. 2(b) . BER measurements as a function of the applied power normalized by P are shown in Fig. 7(a) for bit rates between 10 to 30 Gbps and ¼ 0. Without applying electrical power, error free performance was achieved for all the bit rates under study. If the bit rate of the signal increases, higher BER values are achieved for electrical powers above 0:5P , in agreement with simulations results depicted in Fig. 5(b) . However, it is important to remind that this does not mean that power consumption is lower because to complete the switching an electrical power of P is required.
The switching performance has been compared with the device working at different operation wavelengths. Results are shown in Fig. 7(b)-(d) . It can be clearly seen that, for a certain bit rate, the same value of BER is achieved with an important reduction in the applied electrical power. For example, in Fig. 7(b) , to obtain a variation from error free to 10 À4 BER level by using ¼ 0:24 and a bit rate of 10 Gbps, the power reduction comparing with the same structure working at the central wavelength ð ¼ 0Þ is around 50% in agreement with simulation results. Fig. 7(c) and (d) show that the power reduction is lower, independently of the used bit rate, when the -parameter is decreased. A power reduction of around 40% is demonstrated for ¼ 0:2 and around 32% for ¼ 0:16, which is once more in agreement with simulation results. In our device, a P power of 36 mW was measured. Therefore, the proposed approach would allow reducing the power consumption up to 18 mW with respect to a conventional s-MZI switch. 
Conclusion
A novel approach has been proposed and analyzed by means of simulations and experimentally demonstrated to decrease the power consumption in silicon switches. The switch is based on an asymmetric MZI structure and operated with a conveniently chosen wavelength. The latter only implies that the optical response of the a-MZI switch would be designed to fit with the wavelengths used in the system. A power consumption reduction up to 50% has been demonstrated which could open a new path for energy efficient switching in silicon via the thermo-optic effect.
